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Crystal structure of phenylalanine-regulated 3-deoxy-D-arabino-
heptulosonate-7-phosphate synthase from Escherichia coli
Igor A Shumilin, Robert H Kretsinger* and Ronald H Bauerle
Background: In microorganisms and plants the first step in the common
pathway leading to the biosynthesis of aromatic compounds is the
stereospecific condensation of phosphoenolpyruvate (PEP) and D-erythrose-4-
phosphate (E4P) giving rise to 3-deoxy-D-arabino-heptulosonate-7-phosphate
(DAHP). This reaction is catalyzed by DAHP synthase (DAHPS), a metal-
activated enzyme, which in microorganisms is the target for negative-feedback
regulation by pathway intermediates or by end products. In Escherichia coli
there are three DAHPS isoforms, each specifically inhibited by one of the three
aromatic amino acids.
Results: The crystal structure of the phenylalanine-regulated form of DAHPS
complexed with PEP and Pb2+ (DAHPS(Phe)–PEP–Pb) was determined by
multiple wavelength anomalous dispersion phasing utilizing the anomalous
scattering of Pb2+. The tetramer consists of two tight dimers. The monomers of
the tight dimer are coupled by extensive interactions including a pair of three-
stranded, intersubunit β sheets. The monomer (350 residues) is a (β/α)8 barrel
with several additional β strands and α helices. The PEP and Pb2+ are at the
C-ends of the β strands of the barrel, as is SO42–, inferred to occupy the
position of the phosphate of E4P. Mutations that reduce feedback inhibition
cluster about a cavity near the twofold axis of the tight dimer and are centered
~15 Å from the active site, indicating the location of a separate regulatory site.
Conclusions: The crystal structure of DAHPS(Phe)–PEP–Pb reveals the active
site of this key enzyme of aromatic biosynthesis and indicates the probable site
of inhibitor binding. This is the first reported structure of a DAHPS; the
structure of its two paralogs and of a variety of orthologs should now be readily
determined by molecular replacement. 
Introduction
In microorganisms and plants the first step in the biosyn-
thetic pathway leading to most aromatic compounds,
including Phe, Tyr, and Trp, is the stereospecific con-
densation of the glycolytic intermediate, phospho-
enolpyruvate (PEP), and the pentose phosphate pathway
intermediate, D-erythrose-4-phosphate (E4P), with the
release of the phosphate of PEP and the formation of
3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP)
(Figure 1; reviewed in [1]). This reaction is catalyzed by
DAHP synthase (DAHPS, phospho-2-hydro-3-deoxyhep-
tonate aldolase; EC 4.1.2.15), which in microorganisms is
also the target for negative-feedback regulation of the
pathway, mediated either by the pathway intermediate,
chorismate, or by endproducts, Phe, Tyr, and Trp.
Bacteria and fungi have multiple DAHPS isoforms, which
are distinguished primarily by their feedback effectors. In
Escherichia coli there are three DAHPS isoforms, each
specifically inhibited by one of the three aromatic amino
acids. DAHPS(Phe), a homotetramer encoded by the aroG
gene [2], is the major isoform, constituting about 80% of
the total activity of the cell [3]. The less abundant
isozymes, DAHPS(Trp) (1% of total activity) and
DAHPS(Tyr) (20% of total activity) are homodimers
encoded by the aroH and aroF genes, respectively. Consis-
tent with their multimeric structures, the DAHPS isozymes
of E. coli exhibit positive, homotropic cooperativity in the
kinetics of E4P and PEP utilization and heterotropic inter-
actions in the kinetics of feedback inhibition [4–6].
Alignment of the amino acid sequences of the three E. coli
isozymes (Figure 2) indicates that they are homologs,
arising by gene duplications and divergence [7]. The
polypeptide chains are of similar length, DAHPS(Phe)
having 350 residues, DAHPS(Trp) 348 residues and
DAHPS(Tyr) 356 residues. About 41% of the residues are
identical in the three isozymes and another 15% represent
conservative substitutions. Random and directed mutagen-
esis of the aroG ([8–10], and OK Park and RHB, unpub-
lished results), aroF [11], and aroH ([7] and JP Akowski and
RHB, unpublished results) genes has yielded a collection of
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inactivating and feedback-resistant mutations that are inter-
spersed throughout the polypeptides, rather than segre-
gated to contiguous regions. Inactivating mutations are
almost exclusively at invariant residues, whereas the major-
ity of the regulatory mutations are at nonconserved
residues, consistent with the commonality of catalytic
mechanism and the diversity of feedback specificities of the
isozymes (Figure 2).
The DAHPS isozymes require a divalent metal
ion for activity. In the E. coli isozymes a variety of 
divalent metal ions activate in vitro, with
efficiencies varying over a 20-fold range as follows:
Mn2+ > Fe2+ ≈ Cd2+ > Co2+ > Cu2+ ≈ Ni2+ ≈ Zn2+ >> Ca2+
[5]. The identity of the activating metal significantly
affects the kcat of the isozymes, as well as their apparent
affinities for E4P but not for PEP nor for the feedback
inhibitor. The identity of the activating metal in vivo
remains unclear, although evidence for both Fe2+
[5,12–14] and Cu2+ [15] has been reported. Whether the
metal ion is an essential structural element or has a role
in catalysis has not been established. Site-directed
mutagenesis, chemical modification, and spectroscopic
analysis of DAHPS(Phe) have shown that Cys61, one of
the two invariant cysteine residues of the microbial
DAHPS family, is one of the metal-binding ligands of
the enzyme [8].
We present the structure of the DAHPS(Phe)–PEP–Pb
complex determined by X-ray crystallography using multi-
wavelength anomalous dispersion (MAD) phasing. This is
the first report of the structure of a member of the
DAHPS family.
Results and discussion
Structure determination and model quality
The Pb2+ complex of the enzyme was chosen for MAD
structure determination after it was found that Pb2+ is
probably bound at the active site. Pb2+ activates
DAHPS(Phe) to 3% of the level achievable with Mn2+, the
most effective metal ion [5]. In addition, Pb2+ competes
with Mn2+ as an activator, as judged by the marked reduc-
tion of enzymatic activity found in metal-mixing experi-
ments. Pb2+ was expected to provide adequate phasing
power and the LIII absorption edge of lead at 0.9507 Å was
readily accessible at the X4A beamline at the National
Synchrotron Light Source (NSLS) at Brookhaven
National Laboratories. The more active complex of
DAHPS with Cd2+ that would also provide significant
phasing power was not used because the absorption edges
of Cd2+ were not accessible at X4A.
Three data sets were measured near the lead LIII absorp-
tion edge (Table 1). All six anomalous and difference-
anomalous Patterson maps are similar. The interpretation
of the Patterson maps was straightforward and showed one
Pb2+ bound per subunit of DAHPS, giving a total of four
Pb2+ ions in the asymmetric unit.
The electron-density maps calculated with MAD phases
and improved by solvent flattening did not allow tracing of
the polypeptide chain but clearly indicated the outline of
the tetramer in the unit cell. The skeletonized model was
used to determine noncrystallographic-symmetry (NCS)
operators within the tetramer. Symmetry averaging in com-
bination with solvent flattening provided a 2.6 Å resolution
electron-density map suitable for model building (Table 2).
The final model contains 1353 DAHPS residues, four PEP
molecules, four water molecules, and four each of Pb2+
and SO42– per tetramer. Residues 1–7 are not visible in the
electron density of any of the subunits. The density corre-
sponding to residues 313–317 (313–316 for subunit D) is
poorly defined and does not allow reliable positioning of
the atoms; however, it does indicate the general path of
the polypeptide chain.
The structure was refined to an R factor of 19.4% for
36,305 reflections with F > 2σF (Table 3). Rfree calculated
for the set of 3954 reflections, chosen in thin resolution
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Figure 1
The DAHP synthase reaction and schematic
of the aromatic biosynthetic pathway.1COOH
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Structure
shells to minimize the effect of noncrystallographic sym-
metry, is 25.6%. The four subunits of the DAHPS
tetramer are very similar, except for the conformations of
several loops and sidechains involved in the intramolecu-
lar contacts. The monomers can be superimposed with
root mean square deviation (rmsd) values of 0.2 Å for
mainchain atoms, 0.6 Å for all nonhydrogen protein atoms,
and 0.3 Å for the atoms of PEP. The rmsd values for 
B factors are 9.4, 10.4, and 7.4 Å2 for these groups of
atoms, respectively. The positions and environments of
Pb2+ and SO42– are also similar in the four monomers.
In the final model, 89.0% of the residues are located
within the most favorable regions of the Ramachandran
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Figure 2
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Primary sequence alignment of the three DAHPS isozymes from E.
coli. Numbering is that of the DAHPS(Phe) isozyme. Identical residues
in the three isozymes are indicated in coral. Residues coordinating
Pb2+ in the DAHPS(Phe) structure are marked with l and those
coordinating PEP are marked with ∇. The positions of helices and
strands are indicated by yellow cylinders and blue arrows, respectively.
The positions of inactivating mutations and feedback mutations are
indicated in magenta and green, respectively. All mutations were
isolated and characterized in the indicated E. coli isozyme [7,9–11],
except for the feedback mutation at position 151, which was isolated
in Saccharomyces cerevisiae DAHPS(Tyr) [31]. The figure was drawn
with the program ALSCRIPT [32].
Table 1
Data-collection statistics*. 
Data set† λ1(0.9389 Å) λ2 (0.9497 Å) λ3 (0.9523 Å)
Wavelength (Å) 0.9389 0.9497 0.9522
Resolution (Å) 18.0–2.6 18.0–2.6 18.0–2.6
Unique reflections 40,409 40,228 40,243
Completeness† 91.8 (64.6) 90.8 (62.4) 90.5 (61.4)
Multiplicity† 5.8 (3.9) 5.7 (3.7) 5.8 (3.7)
Rmerge (%)†‡ 6.3 (11.8) 6.4 (13.8) 5.9 (12.3)
<I/σ(I)>† 17.3 (8.5) 17.4 (7.3) 19.3 (7.9)
*Summary of X-ray diffraction. †Values in parentheses are for the outermost shell of data (2.69–2.60 Å). ‡Rmerge = Σ |Iobs – < I >| / Σ Iobs.
plot. The only residues that fall in the non-allowed region
are the four His268 residues that coordinate Pb2+ and con-
jugate PEP; however, these are placed in well-defined
electron density in all four subunits. In the final model the
rmsd from ideal values is 0.014 Å for bond lengths and
2.96° for bond angles. The B factors are lower for helical
and strand elements relative to those for the termini,
loops, and turns. The average B factor for mainchain
atoms is 27.9 Å2, sidechain atoms 29.5 Å2, PEP atoms
30.4 Å2, Pb2+ 40.2 Å2, and SO42– 42.5 Å2.
Subunit structure
The monomer of DAHPS has a single (β/α)8-barrel
domain enhanced by several additional elements
(Figure 3). The barrel is formed by eight parallel β strands
and has an elliptical cross-section with dimensions of
about 14 × 10 Å. Its long axis is between strands 3 and 7.
16% of the residues of the protein belong to the β strands
and 38% to the α helices. As is typical for (β/α)8-barrel
proteins, the active site of DAHPS is located at the C-end
of the barrel.
β strands comprising the barrel vary in length from four to
seven residues; the helices range from seven to nineteen
residues. Helix α3 (Pro150–Leu156) is bent at Ala154
(ϕ = –60°, ψ = –29°) so that the standard hydrogen-
bonding pattern of an α helix (Nn → On–4, as in
N154 → O150) is changed to that of a 310 helix (Nn → On–3,
as in N156 → O153). The loops connecting helices and
strands at the N-end of the barrel (α–β loops) are six
residues or less in length, except for the 24-residue
segment between α5 and β6 that contains strands β6a and
β6b. The loops at the C-end of the barrel (β–α loop)
located near the active site are longer; loops β2–α2, β7–α7,
and β8–α8 have 26, 11, and 28 residues, respectively.
The basic (β/α)8 barrel of DAHPS is enhanced by several
additional elements. An N-terminal extension has 53
residues, the first seven of which are not visible in the
electron density. The extension includes strand β0 fol-
lowed by helices α00 and α0. Both β0 and α00 are located
just outside the α2 and α3 helices and extend from the
C-end of the barrel to its N-end. At Pro27 the polypeptide
chain makes a near 90° turn and the following helix, α0,
crosses the barrel covering its N-end. A two-stranded,
antiparallel β sheet, β6a/β6b, is incorporated between α5
and β6 and located outside of the barrel (top of Figure 3a).
Strands β0, β6a, and β6b and helix α00 are important in
quaternary interactions, as described below. Short seg-
ments of the β2–α2 and β7–α7 loops have helix-like con-
formations; part of loop β8–α8 is a loose two-stranded
antiparallel β sheet. In contrast to the N terminus, the
C terminus of DAHPS has strong electron density that
defines the long α8 helix.
Quaternary structure
Crystals of DAHPS(Phe) contain one tetramer per asym-
metric unit. It is about 95 Å × 70 Å × 50 Å and has 222
NCS (Figure 4a). The DAHPS(Phe) tetramer is a dimer of
two tight dimers. The total area of contact between the
monomers of each tight dimer is about 2800 Å2 and
accounts for 19% of the solvent-accessible surface of one
subunit. The monomers in the tight dimer form multiple
electrostatic, hydrogen-bond, and van der Waals contacts
contributed by residues of helices α4 and α5 and loops
β2–α2, β3–α3, β4–α4, α4–β5, β5–α5, and α5–β6A. In
addition, the association is significantly enhanced by the
formation of a three-stranded, antiparallel β sheet involv-
ing the N-terminal β0 strand of one monomer and the
extended β6a–β6b strands of the other.
There are three pairs of polar contacts between the A and
C (B and D) subunits (Figure 4a): the salt bridge of Glu24
(α00) of one subunit and Arg124 (α2) of the other, the
hydrogen bond between the mainchain oxygen of Glu24
and Nζ of Lys25 of the other monomer, and the hydrogen
bond between His217 of each subunit. The rest of the rel-
atively small interfacial area between these two subunit
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Table 3
Refinement statistics.
Resolution range (Å) 18.0–2.6
Number of reflections in work set* 36,305
Rwork(%) 19.4
Number of reflections in test set*† 3954 (10%)
Rfree(%) 25.6
Rms deviation from ideal geometry
bond lengths (Å) 0.014
bond angles (°) 2.96
Average B factors (Å2)
protein mainchain 27.9
protein sidechain 29.5
PEP 30.4
Pb2+ 40.2
SO42– 42.5
water 31.1
*Only reflections with F > 2σF were used. †Reflections for cross-
validation were chosen in thin resolution shells to minimize the effect of
noncrystallographic symmetry. 
Table 2
MAD phasing statistics.
Data set*† λ2 (0.9497 Å) λ3 (0.9523 Å)
Phasing power
centric 0.83 0.72
acentric 1.04 0.87
RCullis‡
centric (isomorphous) 0.78 0.81
acentric (isomorphous/anomalous) 0.85/0.98 0.87/0.98
*λ1 (0.9389 Å) data were used as native. †Only reflections with
F > 3σF were used. ‡RCullis = rms lack of closure/rms isomorphous
(anomalous) difference.
pairs (500 Å2 or 3.5% of the monomer surface) is formed
mainly by hydrophobic interactions between the
sidechains of Leu17, Pro18, Val20, and Ala21, which are
located just before and within helix α00.
The area of contact between subunits A and D (B and C)
is limited to just 50 Å2 (0.4% of solvent-accessible area), all
of it from the stacking at 3.6 Å of the imidazole rings of
the His217 residues, which are located on the loop con-
necting strands β6a and β6b (Figure 4b). The clustering of
the four His217 residues near the intersections of the
twofold axes is especially interesting and contributes to
the interaction between the two tight dimers. In addition
to the stacked imidazole rings of monomers A and D
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Figure 3
Structure of the DAHPS(Phe)–PEP–Pb
monomer. (a) The A monomer of the
DAHPS(Phe) tetramer is viewed
approximately down the A,D (B,C) axis of the
tetramer, as seen in Figure 4. α Helices are
indicated in gold and β strands are in blue.
The α3 helix terminates in a 310 turn, indicated
in orange. The first residue shown is Leu8.
The weak electron density of residues
313–317 does not permit accurate chain
tracing; this portion of the β8–α8 loop is
indicated in black. The PEP, the Pb2+, and the
SO42–, inferred to be at the binding site of the
phosphate of E4P, are at the active site (ball-
and-stick representation). RIBBONS [33] was
used to draw all figures, unless otherwise
noted. (b) The A subunit is viewed from the
top of (a). (c) A trace of the monomer, as
viewed in (a), is shown in stereo. This figure
was drawn with MOLSCRIPT [34].
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Structure
(B and C), there is also a shared proton forming a hydro-
gen bond between the Nε groups of the His217 residues
of subunits A and C (B and D).
In spite of the similarity in sequence between the three
DAHPS isozymes, DAHPS(Tyr) and DAHPS(Trp) are
dimers in solution [4,14] rather than tetramers like
DAHPS(Phe) [2,16]. It is likely that the tight dimer of
DAHPS(Phe) is a close structural analog of the dimeric
DAHPS isoforms. Both DAHPS(Trp) and DAHPS(Tyr)
have replacements at all four key positions providing 
stabilization of the DAHPS(Phe) tetramer (Glu24, Lys25,
Arg124, and His217) (Figure 2) that eliminate the inter-
dimer polar and hydrogen bonds of the DAHPS(Phe)
tetramer. These substitutions do not significantly alter the
catalytic efficiency of the dimeric enzymes [5]. This is not
surprising because the area of contact between the tight
dimers in the tetramer of DAHPS(Phe) is relatively small
and remote from the active site. Hence, we predict that
site-directed changes at all or some of the critical
residues — Glu24, Lys25, Arg124, and His217 — in
DAHPS(Phe) will result in an active dimeric enzyme.
Conversely, it will be interesting to determine whether
substitution of these polar residues into the Trp- and Tyr-
sensitive isoforms transforms them to tetramers.
Metal coordination
Pb2+ is bound at the active site of DAHPS near the C-end
of the barrel (Figure 3). The coordination sphere of Pb2+
includes PEP, four protein ligands (Cys61, His268, Glu302,
and Asp326), and a water bridging to Lys97 (Figure 5). The
four protein residues are dispersed throughout the polypep-
tide chain and are not part of a localized metal-binding
motif. They are located on the short loops β1–α1 (Cys61)
and β7–α7 (His268), on strand β8 (Glu302), and on long
loop β8–α8 (Asp326). Inactivating mutations have been
recovered at two of these residues, Cys61 and Glu302 [7,8]
(Figure 2); changes at Cys61 have been shown to eliminate
metal binding [8,16]. The distances from Pb2+ to Sγ of
Cys61, and Nε of His268 are 3.2 Å and 2.8 Å, respectively.
His268 interacts with both Pb2+ and PEP. This is the only
residue in the non-allowed region of the Ramachandran
plot. The energetic penalty for this conformation is presum-
ably compensated by the energy of binding to Pb2+ and to
PEP. The carboxylate group of Glu302 is a bidentate ligand
with its two oxygen atoms 2.9 and 3.4 Å from Pb2+. The
contact between Asp326 and Pb2+ is monodentate; the
Οδ–Pb2+ distance is 2.9 Å. The water bridging from Lys97
is 3.7 Å from Pb2+; however, the position of the water is not
so well defined as are the atoms of the protein.
The Pb2+ of DAHPS(Phe) does not bind specifically to
either the carboxylate or phosphate groups of PEP.
Instead, it approaches four of the six nonhydrogen atoms
that comprise the planar part of PEP (C3, C2, C1, and
O1C, one of two carboxylate oxygen atoms). The dis-
tances between Pb2+ and these four atoms are approxi-
mately equal and are rather long at 3.6–3.9 Å. In contrast,
in the two reported protein structures with bound PEP,
both of which are yeast enolase [17,18], a Mg2+ is coordi-
nated by both oxygens of the carboxylate of PEP and lies
near the plane defined by PEP. Further, in one of these
[17] a second Mg2+ is coordinated by both a carboxylate
oxygen and by a phosphate oxygen of PEP.
The unusual bonding of Pb2+ in DAHPS(Phe)–PEP–Pb
involves two factors, the inert electron pair effect and
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Figure 4
Structure of the DAHPS(Phe)–PEP–Pb tetramer. (a) The tetramer of
DAHPS(Phe) is viewed down the noncrystallographic A,D (B,C) axis,
which is 15.5° from the crystallographic b axis. Pb2+ (green) and PEP
(ball-and-stick representation) are shown. Note that the strands β0 and
β6a–β6b are involved in formation of the tight dimer. Residues
deduced by mutational analysis to eliminate catalytic activity (Figure 1)
are indicated in magenta in subunits C and D. Residues deduced by
mutational analysis to be involved in feedback inhibition are indicated
in green in subunits A and B. (b) The interactions between the four
His217 residues are indicated. The view is similar to that in (a), but
tipped ~10°. Hydrogen bonds are indicated by cyan lines.
metal–pi-bond conjugation. The outer 6s2 electron pair of
Pb2+ is resistant to removal and does not participate in
covalent bonds. This results in a stable, relatively inert,
outer lone pair of electrons. It has been shown in numer-
ous complexes of Pb2+ with small molecules that ligands
are distributed around the Pb2+ in two different fashions
[19]. Holodirected geometry is characterized by the distri-
bution of ligand atoms over the entire surface of an
encompassing sphere. In contrast, in hemidirected coordi-
nation ligands are restricted to only part of the sphere,
leaving a gap in their distribution. In this case the lone
pair of 6s2 electrons of Pb2+ has p character. So far, all Pb2+
compounds that have been studied are hemidirected if the
coordination number is low (2–5) and holodirected if the
coordination number is high (9–10). However, for coordi-
nation numbers 6–8, both types of stereochemistry have
been observed. The bond lengths from Pb2+ to the protein
ligands of DAHPS(Phe) are in the range normally
observed. The angle Nε(His268)–Pb2+–Sγ(Cys61) is 202°
open (convex) towards PEP. The distances of 3.6–3.9 Å
between Pb2+ and four planar atoms of PEP are within the
typical range for a distant axial ligand in hemidirectional
coordination.
There are several examples of the conjugation of Pb2+
with a pi-bond system. In dicyclopentadienyl-lead [20] the
distance between Pb2+ and each of the five carbons is
2.76 Å; this coordination is homodirectional. In a Pb2+–cro-
tonic acid complex [21] the Pb2+ lies near the perpendicu-
lar to the ligand plane that contains the pi-electron system;
however, the shortest Pb2+–carbon distances are 3.57 and
3.68 Å, an example of hemidirectional coordination. We
infer that the 6s2 electron orbital of Pb2+ has p character, is
directed towards the plane of PEP, and conjugates with its
pi-bond system. This conjugation could alter the proper-
ties of the electron system of PEP and impede its inter-
action with E4P.
The catalytic activity of DAHPS(Phe)–Pb is very low in
comparison with the complexes with other divalent
cations such as Mn2+, Fe2+, Cd2+, and Co2+. The inert elec-
tron pair effect [19] has been proposed for only Pb2+ in
this group. Hence, we suggest that the coordination of
PEP in the DAHPS(Phe)–PEP complex with other diva-
lent cations is somewhat different from that found in
DAHPS(Phe)–PEP–Pb. Further, as a result of its unique
electron structure, Pb2+ may impede the condensation of
PEP with E4P. Determination of the structure of the
DAHPS–PEP–Mn complex that is under way in our labo-
ratory should soon resolve this issue.
The PEP-binding site
The electron density of PEP and its nearby amino acid
residues is well-defined (Figure 6). In addition to Pb2+,
PEP is surrounded by six positively charged residues,
which anchor the substrate by multiple salt bridges (Arg92,
Lys97, Arg165, Lys186, and Arg234) and conjugated pi
bonds (His268). Each of three anionic oxygen atoms of the
phosphate group of PEP is bonded with two or three nitro-
gen atoms of Arg165, Lys186, or Arg 234. The distances
between phosphate oxygens and bonding nitrogens range
from 2.6 Å to 3.8 Å. Both oxygen atoms of the carboxylate
group of PEP form salt bridges with Nη atoms of Arg92
(Nη–O distances are 3.0 and 3.6 Å). Moreover, one of the
carboxylate oxygens of PEP forms a salt bridge with Lys97
(O–Nζ, 3.2 Å) while the other bonds with Lys186 (O–Nζ,
2.5 Å). Inactivating mutations have been recovered in
DAHPS(Trp) by random mutagenesis at three of these
residues — Arg92, Arg165, and Arg234 [7] (Figure 2).
The pi orbitals of the planar portion of PEP conjugate the
6s2 outer electrons of Pb2+ as described above. They also
conjugate the pi orbitals of the imidazole ring of His268,
which also coordinates Pb2+ by its Nε. The imidazole ring
is located on the same side of the PEP plane as Pb2+ and
approaches the plane of PEP at an angle of 24°. The dis-
tances between Nε of His268 and O1C, C1, C2, and O1P
(bridging phosphate atom) of PEP range from 3.1 to 3.4 Å.
The presence of both Pb2+ and an imidazole group on one
side of PEP as well as of salt bridges with three arginine
and two lysine residues restricts potential movements of
PEP and provides a high binding affinity.
Organization of the active site
The active site of DAHPS is located at the C-end of the
(β/α)8 barrel. Residues forming the active site belong to
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Figure 5
Coordination of Pb2+ (green) in DAHPS(Phe)–PEP–Pb. Bonds to
coordinating ligands are indicated by heavy cyan lines; distances are in
Å. The distances between Pb2+ and C1, C2, C3, and O1C atoms of
PEP, shown in thin cyan lines, range from 3.6 to 3.9 Å (see also
Figure 6b).
β strands of the barrel and to β–α loops. The PEP and
Pb2+ environment has many charged and polar residues
and two cysteines forming a network of interactions
among themselves as well as with substrate and metal. As
expected from the negative charges of both substrates, the
active site of the enzyme contains more positively charged
residues than negatively charged ones. Of the positively
charged residues found within 8 Å of the Pb2+, three out of
four arginines (Arg92, Arg165, and Arg234) and two out of
three lysines (Lys97 and Lys186) are involved in PEP
binding. The fourth arginine (Arg99) forms a salt bridge
with SO42– (see below). The side group of Lys273 does
not interact with any protein or substrate atoms and is
positioned in rather weak electron density. Two of five
negatively charged residues in the 8 Å sphere, Glu302 and
Asp326, coordinate Pb2+. Carboxylate oxygens of the
sidechain of Asp265 form salt bridges with Nζ of Lys186
and Nδ of His268 and form a hydrogen bond with N of
Ser267. Glu143 probably hydrogen bonds a water mol-
ecule that is not visible at this resolution. All of these
charged amino acids are invariant among the thirteen
microbial DAHPS enzymes whose complete sequences
are known.
Most of the residues that coordinate Pb2+ are also stabi-
lized by interactions with nearby amino acids. The Sγ of
Cys61 forms a hydrogen bond with Oγ of Thr325 (2.7 Å)
and the Oε of Glu302 forms a salt bridge with Oγ of
Ser267 (2.7 Å). In addition to the conjugation of the imida-
zole ring of His268 with PEP, its Nδ forms salt bridges to
the Oδ atoms of Asp265 (2.8 and 3.4 Å) and its mainchain
nitrogen hydrogen bonds to Oγ of Ser267 (2.7 Å).
There is a channel leading to PEP from the top of the
barrel. C3 of PEP, which forms a covalent bond with C1
of E4P in the condensation reaction (Figure 1), is pointed
towards this opening. A significant sphere of electron
density is observed in the upper part of the channel about
8.5 Å from C3. This density is significantly larger than
that expected for a water molecule and is modeled as
SO42–. It interacts with the guanidinium group of Arg99,
Oγ of Thr100, and the peptide oxygen of Val102. Apart
from SO42– the crystallization medium contained only two
other small anions, PEP and acetate. We suggest that this
SO42– occupies the binding site of the phosphate of E4P,
as is often noted in proteins with phosphorylated sub-
strates. When the phosphate group of E4P is docked to
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Figure 6
Coordination of PEP in DAHPS(Phe)–PEP–Pb.
(a) Eleven salt bridges involving Arg92, Lys97,
Arg165, Lys186, and Arg234 are indicated in
cyan; bond lengths are in Å. The imidazole of
His268 partially overlaps the plane of PEP; the
closest approach of the imidazole to PEP is
3.1 Å. Pb2+ is shown as a green sphere.
(b) The 2Fo–Fc electron-density map of the
active site was calculated with PEP omitted
and contoured at 2σ. The distances between
Pb2+ and C1, C2, C3, and O1C are given in Å.
The figure was drawn with the program O [27].
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Structure
the SO42– -binding site, E4P in the extended conforma-
tion fits nicely into the channel leading to the bound PEP
molecule. The C1 of E4P can approach to within 3.0 Å of
C3 of PEP. In this model E4P is exposed to the solvent
and there is no obvious pattern of interaction with the
enzyme beyond its phosphate group. However, the active
site of DAHPS is surrounded by several loops that contain
many charged and polar residues. These loops have high
temperature factors, indicating partial disorder. We
suggest that upon E4P binding one or more of these loops
changes conformation, thereby forming bonds with E4P
and functioning as a lid to enclose the active site.
Proposed inhibitor-binding site
Numerous mutational changes in the three E. coli DAHPS
isozymes that cause partial to full resistance of the enzymes
to inhibition by the corresponding aromatic amino acid have
been recovered (Figure 2). These were derived either by
random chemical mutagenesis or by directed mutagenesis
of the respective genes. As the sequences and catalytic
properties of the three isoforms are so similar, it is reason-
able to extend the results of mutational studies of
DAHPS(Trp) and DAHPS(Tyr) to DAHPS(Phe). The nine
identified residues are located in three distinct areas of the
primary sequence (Pro19, Asp146–Ala154, Gly178–Ser180);
however, in the three-dimensional structure they cluster on
the outer side of the β core of the barrel behind its β3 and
β4 strands. The mutational replacements are unlikely to
cause significant changes in the global protein structure
because the catalytic activities of the mutant enzymes
remain almost intact. Instead, they appear to indicate the
region of DAHPS that is responsible for binding of inhibitor
and, perhaps, for the resultant change in conformation.
The region of DAHPS delineated by the feedback-resis-
tant mutations contains a cavity that is outside of the β core
of the barrel (Figure 7). This cavity is about 8 Å across and
has a narrow pocket at its depth. The cavity is surrounded
by residues that belong to helices α00, α3, α4, strands β3,
β4, β6a, β6b and the surrounding loops of one subunit, as
well as by strand β0 of the other subunit of the tight dimer.
The cavities of two subunits comprising the tight dimer are
near each other, with the closest approach being 4.1 Å
between the Cγ carbons of the two Met147 residues. We
propose that the phenyl group of phenylalanine binds at
the bottom of this cavity in a nascent, hydrophobic pocket
formed by the sidechains of Phe144, Pro150, Leu175, and
Leu179. A small movement of the surrounding mainchains
and sidechains would be required to accommodate a
phenyl ring. It is noteworthy that in the two DAHPS(Trp)
isozymes of known sequence, but not in the nine known
DAHPS(Tyr) and DAHPS(Phe) isozymes, the residue cor-
responding to Pro150 of DAHPS(Phe) is glycine; this
replacement would provide enough space to accommodate
the larger sidechain of tryptophan in DAHPS(Trp).
The closest approaches of the phenylalanine modeled
into the hydrophobic pocket to PEP and to Pb2+ are 16
and 13 Å, respectively. This indicates that a change in
conformation is involved in the regulation of DAHPS
activity by the feedback effector. As mentioned above,
there is a discontinuity in α3 as it changes from an
α-helical to a 310 hydrogen-bonding pattern. It is possible
that helix 3 becomes a canonical α helix upon binding of
inhibitor as part of the proposed conformational change.
The finding that complexes of DAHPS(Phe) with pheny-
lalanine crystallize in a different unit cell from complexes
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The inferred binding site of Phe in DAHPS(Phe). The proposed binding
site of Phe in DAHPS(Phe) is delineated by nine
mutations — Pro19(α00), Asp146(β3–α3), Met147(β3–α3),
Ile148(β3–α3), Pro150(α3), Gln151(α3), Ala154(α3),
Gly178(α4–β5), and Ser180(α4–β5) — indicated in green, that
eliminate or strongly reduce feedback inhibition. Elements that belong
to subunit B are represented in darker colors and labeled with *.
Residues forming the inferred pocket for binding Phe are labeled in
magenta. (a) Ribbon diagram of the Phe-binding site of subunit A
viewed approximately as in Figure 3b. (b) Stereoview of the Phe-
binding site drawn with the program O [27].
in the absence of the inhibitor [22] is consistent with this
idea. Work on these structures that is under way in our
laboratory should confirm the structure of the putative
inhibitor site and reveal the effect of inhibitor binding on
DAHPS structure.
Biological implications
DAHPS (3-deoxy-D-arabino-heptulosonate-7-phosphate
synthase) is the pivotal enzyme in the synthesis of aro-
matic compounds in microorganisms. Metabolite flow in
the aromatic biosynthetic pathway in E. coli is regulated
primarily by feedback inhibition of its three DAHPS
isozymes. The presence of isofunctional enzymes with
differentially regulated activities provides the cell with the
unique ability to modulate the overall rate of synthesis in
response to the availability of the individual aromatic
amino acids. The three DAHPS isozymes have the same
reaction mechanism and also share many properties,
such as similar kinetic constants and similar metal acti-
vation. They also have numerous distinguishing charac-
teristics, including differences in regulatory specificity, in
quaternary structure, in the degree of cooperativity in
substrate and inhibitor binding, and in inhibition kinetics.
The three-dimensional structure of the DAHPS(Phe)
isozyme reported here provides a foundation for under-
standing these similarities and differences in catalytic
and regulatory properties. A role for the required diva-
lent metal in stabilizing and positioning PEP (phospho-
enolpyruvate) at the active site is now established,
providing an explanation for the broad range of metals
that function in the enzyme. The binding site and orien-
tation of E4P, the second substrate, and of phenylala-
nine, the feedback effector, are reasonably inferred from
the structural model. The structural basis for the
tetrameric and dimeric forms present among the three
isozymes is also now apparent. The structure reveals
that the two subunits of the tight dimer of DAHPS(Phe)
enjoy many contacts, including shared strands in
β sheets. The cooperativity of inhibitor binding is consis-
tent with the proximity of the inhibitor-binding sites to
the dimer axis and with the involvement of the shared
strands in the structure of the inhibitor-binding cavity. 
A trove of mutational studies have now been rationalized.
Decisive, site-directed changes in sequence are indicated
for the elucidation of the catalytic and regulatory mecha-
nisms of DAHPS and for evaluating the evolution of its
various paralogs and orthologs. Because of its crucial role
in metabolism, DAHPS is also an inviting target for the
rational design of antibacterial and antifungal drugs.
Materials and methods
Crystallization
DAHPS(Phe) was purified as previously described [22]. The complex
of DAHPS with PEP and Pb2+ was crystallized at room temperature
using the hanging-drop vapor-diffusion method. All solutions used for
crystallization, except for the solutions of lead acetate and protein, were
deionized with Chelex-100. The DAHPS solution contained EDTA after
purification and was extensively dialyzed against Chelexed 1.0 mM
1,3-Bis[tris(hydroxylmethyl)-methylamino] propane (BTP), pH 7.0. Crys-
tals grew in 10 µl drops containing 8.8 mg/ml DAHPS, 1.63 mM PEP,
0.4 mM Pb(CH3COO)2, 0.1 M Li2SO4, and 12% (w/v) polyethylene
glycol (PEG) 1000 in 50 mM BTP buffer, pH 8.7. The reservoir solution
contained 19% (w/v) PEG 1000, 0.1 M Li2SO4, and 20% (v/v) ethanol
in 50 mM BTP buffer pH 8.7. Crystals belong to the monoclinic space
group C2 with cell dimensions a = 211.7 Å, b = 51.3 Å, c = 148.1 Å,
β = 116.4° and have one DAHPS tetramer per asymmetric unit. After
crystals reached their maximum size, drops were covered with mineral
oil and injected with 0.1 µl of 1.0 M Pb(CH3COO)2. PbSO4 precipi-
tated in the drop; hence, crystals were soaked for at least ten days
before being used for MAD data collection.
Data collection, MAD phasing and electron-density averaging
MAD data were measured at beamline X4A at the NSLS. Three wave-
lengths near the lead LIII absorption edge were chosen on the basis of
the X-ray absorption spectrum of the protein crystal. Data were mea-
sured at 0.9389 Å, at 0.9389 Å (near the inflection point), and at
0.9523 Å. The 0.9389 Å data set was treated as native. The data to
2.6 Å resolution were measured from a single crystal frozen in an evap-
orating stream of nitrogen.
The data were read out of an imaging plate using a Fuji scanner, then
integrated, reduced and scaled separately for each set using the pro-
grams DENZO and SCALEPACK [23]. Programs from the CCP4 suite
[24] were used for co-scaling three data sets and for Patterson analy-
sis. Intensities exhibiting excessive anomalous differences were
removed. Three anomalous and three difference-anomalous Patterson
maps had similar features and were interpreted directly. The positions
of Pb2+ ions in the asymmetric unit were verified with SHELXS-86 [25]
and refined with MLPHARE [24]. MAD phasing was performed with
MLPHARE. The figure of merit (M) after MAD phasing was 0.33 for all
data and 0.19 for 2.69–2.60 data. After solvent flattening and NSC
averaging, M rose to 0.73 and 0.49. The statistics for data collection
and phasing are summarized in Tables 1 and 2.
The solvent content of the DAHPS–PEP–Pb crystals was estimated to
be 52%. Solvent flattening with DM [24] was employed to decrease
the free R value from 54.2% to 37.7% in four cycles. Although the
electron-density maps calculated with the improved phases showed
the position of the protein tetramer in the unit cell as well as discon-
nected segments of polypeptide chain, the quality of these maps did
not permit chain tracing.
In order to find the proper NCS relation of the DAHPS monomers, the
4.0 Å resolution map within the tetramer boundaries was skeletonized
and a search for the 222 symmetry operators was performed with the
programs NCS6D and IMP [26]. The search identified the three non-
crystallographic twofold-rotation axes, one of which is 15.5° from the
crystallographic b axis. Applying these symmetry operators for NCS
averaging in combination with solvent flattening with DM [24] pro-
duced a 2.6 Å resolution electron-density map that allowed us to trace
the polypeptide chain and identify most of its residues.
Model building and refinement
A model of the DAHPS subunit was built into the electron density using
the program O [27] and the tetramer was generated using 222 NCS
operators. The starting model included residues 9–312 and 318–350
as well as Pb2+. The structure with imposed NCS restraints was initially
refined with X-PLOR [28] using data in 18–2.6 Å range. A set of 3954
reflections with F > 2σF in thin resolution shells was chosen with
DATAMAN [29] for monitoring the refinement process with Rfree. The
combination of conjugate-gradient and simulated-annealing protocols in
X-PLOR lowered the R factor to 22.3% but Rfree was relatively high at
31.2%. Numerous residues, most of which belong to the loops, had φ,ψ
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values in non-allowed regions of the Ramachandran plot, indicating the
poor quality of the model. At this stage, a partial model consisting only of
the well-defined residues belonging to the helices and strands of the
(β/α)8 barrel was made. Iterative rounds of model building were then per-
formed after combining experimental phases and phases from the partial
model and refinement with programs of the CCP4 suite [24]. When the
electron density of PEP, water coordinated to Pb2+, and SO42– became
distinguishable, they were added to the model. Finally X-PLOR was
employed for simulated-annealing refinement with symmetry constraints
followed by conjugate-gradient refinement with symmetry constraints
relaxed. The final model has R = 19.4%, Rfree = 5.6% and good stereo-
chemistry as analyzed by PROCHECK [30]. The seven N-terminal
residues of all four subunits are not visible in the electron density and are
not included in the model. Residues 313–317 (313–316 for subunit D)
are included but the occupancies of all atoms are set to zero as the cor-
responding electron density is observed in the map but is too weak and
diffuse to locate mainchain and sidechain atoms.
Accession numbers
Atomic coordinates for DAHPS(Phe)–PEP–Pb have been deposited in
the Brookhaven Protein Data Bank with the code 1QR7.
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